Numerous studies over the past 90 years have described the various bird egg shapes in mathematical terms but few studies have considered the underlying reasons for such interspecific egg shape variability. This study investigated how the size and composition, i.e. proportions of shell, yolk and albumen, were associated with egg shape. Geometric morphometrics were used to generate principal components, which were analysed in relation to taxonomy (i.e. avian order) and degree of neonatal developmental maturity, which correlates with egg composition. The analysis confirmed previous results that most of the variation in shape is associated with degree of elongation (i.e. length divided by breadth) and asymmetry (i.e. position of the broadest part of the egg away from the mid-point of the egg's length). Egg shape reflected both avian order but not developmental maturity. The degree of elongation of an egg is related to absolute egg mass and the proportion of yolk. By contrast, the degree of asymmetry is related to the proportion of shell and the mass of the egg relative to female body mass. Although significant, the models explained little of the variation in egg shape and so it was concluded that other factors, such as pelvis size and shape, could be more important in determining egg shape in birds. Numerous studies over the past 90 years have described the various bird egg shapes in mathematical 8 terms but few studies have considered the underlying reasons for such interspecific egg shape 9 variability. This study investigated how the size and composition, i.e. proportions of shell, yolk and 10 albumen, were associated with egg shape. Geometric morphometrics were used to generate principal 11 components, which were analysed in relation to taxonomy (i.e. avian order) and degree of neonatal 12 developmental maturity, which correlates with egg composition. The analysis confirmed previous 13 results that most of the variation in shape is associated with degree of elongation (i.e. length divided 14 by breadth) and asymmetry (i.e. position of the broadest part of the egg away from the mid-point of 15 the egg's length). Egg shape reflected avian order but not developmental maturity. The degree of 16 elongation of an egg is related to absolute egg mass and the proportion of yolk. By contrast, the 17 degree of asymmetry is related to the proportion of shell and the mass of the egg relative to female 18 body mass. Although significant, the models explained little of the variation in egg shape and so it 19 was concluded that other factors, such as pelvis size and shape, could be more important in 20 determining egg shape in birds. 21 22
and the relationships between brood parasites and their hosts (Bán et al. 2011 ). Shape has even been 41 used in study of the evolution of amniote eggs with eggs being defined in terms of their degree of 42 elongation, i.e. length divided by breadth, and their degree of asymmetry, i.e. position of the broadest 43 part of the egg away from the mid-point of the egg's length (Deeming and Ruta 2014) . More recently, 44 the role of the elongated and highly asymmetrical shape of the guillemot egg has been re-evaluated. 45 Birkhead et al. (2017) concluded that, rather than to prevent eggs from rolling off cliff ledges, the 46 pointed shape reflects a way of minimising eggshell surface contamination. In addition, Stoddard et 47 al. (2017) found a correlation between egg shape and flight efficiency in birds, as determined by the 48 hand-wing index, and suggested that flight adapation may have been a critical driver for egg shape 49
variation. 50
Other studies have studied the role of shape in a reproductive context. For instance, Barta and 51 Székely (1997) explored the reasoning that egg shape reflects the shape of the brood patch and so 52 optimises contact incubation (Andersson 1978) . It was concluded that optimal egg shape reflected 53 clutch size although this idea has been challenged (Hutchinson 2000) . However, the underlying 54 mechanism that produces an egg of a specific shape has received very little attention. The consensus 55
is that the wall of the oviduct resists deformation whilst peristaltic contractions hold the egg in place 56 within the shell gland as the shell is forming (Romanoff and Romanoff 1949, Aitken 1971, Smart 57 1991) but the exact mechanism remains unclear. In addition to this idea, Barta and Székely (1997) 58 suggested that egg shape may reflect differences in shell strength (Bain 1991 shape with characteristics of the pectoral limb but suggested that pelvis size may be of more interest. 61
It has been pointed out that variability in egg shape reflects the variability in shape of the pelvic girdle 62 between different bird orders; a round egg is associated with a short pelvis whereas longer pelves can 63 accommodate more elongated eggs (Rensch 1949 , Warham 1990 (Carey et al. 1980, Sotherland and Rahn 1987) . It is possible that the differing 75 amounts or proportions of the egg components are important in determining the shape of the laid egg. 76
For instance, perhaps within the physical constraints of the tubular oviduct lying parallel to the long 77 axis of the body, large amounts of albumen may only be accommodated cranially and caudally to the 78 yolk as it moves down the oviduct, therefore forming an elongated egg. 79
This study investigated the relationships between egg composition and shape. I used 80 geometric morphometrics to quantify egg shape (Deeming and Ruta 2014) in order to test the 81 hypothesis that composition significantly affects both elongation of the egg and its degree of 82 asymmetry. It was predicted that relatively small amounts of yolk, and conversely large amounts of 83 albumen, would be associated with more elongated and asymmetrical eggs. Moreover, it was 84 considered that the strong correlation between egg mass and female body mass (Deeming 2007a ) 85 would mean that the absolute and relative size (compared to female body mass) would not affect egg 86
shape. 87
88

Methods
89
Egg shape was quantified using geometric morphometric methods applied to two-dimensional semi-90 landmarks along the egg outlines as described by Deeming and Ruta (2014) . Using a Pentax dSLR 91 digital photographs were taken of one egg from each of 181 species representing 16 orders of birds 92 (see supplementary materials for list of species and data). Many of the images were taken at the 93 Natural History Museum oological collection in Tring, UK, although a few images were taken of 94 ratite eggs from my personal collection. Other images were used from a set of images collected for a 95 previous study (Deeming and Ruta 2014) . 96
Species were chosen on the basis that egg composition was available. Data for mean initial 97 egg mass (IEM) for each species were obtained from literature sources or Schönwetter (1960 Schönwetter ( -1985 . 98
The species were also allocated to one of four categories based on the degree of developmental 99 maturity they express at hatching: precocial, semi-precocial, semi-altricial, and altricial (following 100 Deeming 2007a Deeming , 2007b . Data for masses (in g) of shell, yolk and albumen, and female body mass (g), 101
collated from the literature were available for each species from a database compiled by Deeming 102 (2007a Deeming 102 ( , 2007b . 103
Forty equally spaced semi-landmarks were digitized along the right-hand side of each egg 104 outline using tpsDig2 v. 2.17 (Rohlf 2006 
Results
132
PC1 explained 82% of the variation and PC2 14% of the variation in egg shape within morphospace. 133
Variation in the PC1 axis was associated with the degree of elongation of the egg with most variation 134 in shape being seen at both ends of the egg and its equator (Fig. 1) . More positive values reflected 135 more spherical eggs whereas more negative values represented more elongated eggs (Fig. 2) . By 136 contrast, more positive values for PC2 scores were associated with greater asymmetry, with variation 137 in shape at the two poles being opposite in direction and with the upper half of the egg broadening out 138 and the lower half of the egg becoming narrower ( Fig. 1 ) with more symmetrical eggs having more 139 negative values (Fig. 2) . 140
Mean PC scores for each avian order showed that eggs from the various avian orders have 141 different characteristics (Fig. 2) . The eggs of the Pelecaniformes were the most elongated with the 142 Strigiformes having the most spherical eggs. The Charadriiformes had the most asymmetrical eggs 143 with the Galliformes, Sphenisciformes and Passeriformes also being relatively asymmetrical. All of 144 the other avian orders had more symmetrical egg shapes (Fig. 2) . 145
There were significant negative correlations between elongation (PC1) and LogIEM 146 (Pearson's r = -0.335, DF = 179, P < 0.001), and between asymmetry (PC2) and LogIEM (Pearson's r 147 There was a significant effect of avian order on degree of asymmetry but degree of elongation 155
was not a significant covariate and there was no significant interaction (Table 1) . Given this result 156 one-way ANOVA tests were run that showed a significant effect of avian order on the degree of 157 elongation (F 15,165 = 7.32, P < 0.0001) and degree of asymmetry (F 15,165 = 14.84, P < 0.0001). The 158 position of an avian order on Fig. 2 with respect to degree of asymmetry for example is, therefore, not 159 related to degree of elongation. 160
Mean PC1 and PC2 scores classified under developmental mode are shown in Fig. 3 . 161
Precocial and semi-precocial eggs tended to be more elongated (more negative values for PC1) and 162 semi-altricial and altricial eggs were more spherical (more positive PC1 values). Semi-precocial eggs 163 were more asymmetrical, and the semi-altricial eggs were more symmetrical, than the other two 164 groups (Fig. 3) . However, phylogenetically controlled general linear modelling showed that there 165 were no significant effects of developmental maturity or degree of elongation ( Table 2 ). The 166 phylogenetic signal was moderately high (0.779). The position of species with a particular 167 developmental maturity on Fig. 3 with respect to the degree of asymmetry is not a function of degree 168 of elongation or developmental maturity. 169
Phylogenetically controlled general linear modelling showed that degree of elongation was 170 significantly negatively affected by LogIEM and yolk mass as a proportion of IEM (Table 3) . Shell 171 mass as a proportion of IEM and IEM as a proportion of female body mass were not significant 172 covariates. By contrast, for degree of asymmetry shell mass as a proportion of IEM and IEM as a 173 proportion of female body mass were both significant positive covariates but Yolk mass as a 174 proportion of the egg contents was not a significant covariate (Table 3 ). In both cases phylogenetic 175 signal (λ) was high. Therefore, the most elongated eggs were associated with high initial mass and 176 small amounts of yolk. Greater asymmetry was associated with larger eggs relative to body mass and 177 a greater proportion of eggshell. 178
179
Discussion 180
The use of geometric morphometrics to describe egg shape provides a similar set of results for extant 181 birds described by Deeming and Ruta (2014) . PC1 values were associated with the degree of 182 elongation and PC2 values were associated with the degree of asymmetry. Each avian order in the 183 data set could be characterised by their PC scores. Whilst controlling for egg mass the composition of 184 the egg also impacted on their shape with yolk-rich (albumen-poor) precocial and semi-precocial eggsF o r R e v i e w O n l y 6 being more elongated, with the latter being the most asymmetrical group. By contrast, the yolk-186 deficient altricial and semi-altricial eggs were less elongated with the latter group being the closest to 187 a sphere. Rather surprisingly initial egg mass was also a significant factor for elongation scores but for 188 asymmetry it was the size of the egg relative to body mass and the proportion of eggshell that were 189
significant. 190
The finding that avian order affected egg shape is not surprising. pressures generated by muscles in the oviducal wall to hold the developing egg at this location, which 233 when lost allow the egg to adopt a more symmetrical shape. Perhaps muscular pressures are also 234 applied to hold the egg in place within the shell gland and this shape is fixed irrevocably as the shell is 235 being deposited (see Aitken 1971 for a description of this process). 236
It has been long been recognised that there is a correlation between egg shape and pelvis shape 237 used in this study of egg shape and so will allow for a combined analysis to determine the extent to 254 which the pelvis shape determines egg shape. 255 
